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July	2016.	The	empirical	evidence	was	presented	along	with	the	sounds	As	a	consequence	of	
this,	the	alarm	system	joint	working	group	decided	they	wished	to	go	ahead	with	the	
auditory	icons	plus	pointer	design,	and	supplied	a	list	of	activities,	some	formative	and	some	
summative,	they	would	like	to	see	undertaken	prior	to	the	committee	recommending	the	
adoption	of	the	alarm	signals	into	the	standard.	A	further	grant	from	AAMI	to	the	first	
author	was	negotiated	on	this	basis.		
Another	unexpected	consequence	is	that	there	appears	to	be	a	substantial	amount	of	
dissent	over	the	categories	of	risk	themselves.	We	have	approached	this	by	writing	a	paper	
to	open	out	discussion	of	the	categories	themselves	(Edworthy	et	al,	2017b).	AAMI	has	made	
a	grant	available	to	Dr	Wright	to	carry	out	research	on	this	issue.		
	
3. Formative	testing	
Mindful	of	Morrow	&	Durso’s	call	for	the	use	of	contexts,	tasks,	and	participants	of	
relevance	(2011),	the	formative	testing	involves	more	realistic	tasks,	using	clinically-trained	
participants.	Using	a	range	of	already-developed	and	published	techniques	(Bennett	&	
NcNeer,	2012;	Bennett	et	al	2015;	McNeer	et	al	2016),	a	paradigm	was	developed	whereby	
trained	anesthesiologists	carried	out	a	short	clinical	simulation	task.	They	were	required	to	
monitor	two	patients	and	respond	to	alarm	signals	by	indicating	the	nature	of	the	alarm	
condition	(its	category),	and	their	reaction	times	also	were	measured.	Prior	to	this	they	
were	given	a	brief	exposure	to	either	the	auditory	icon	plus	pointer	alarm	signals,	or	the	
current	IEC	alarm	signals.		Results	indicated	very	early	on	that	the	auditory	icons	produced	
faster	and	more	accurate	responses	than	the	current	IEC	alarm	signals	(McNeer	et	al,	2017a,	
b).	Results	of	the	early	trials	can	be	seen	in	Figure	3.	Secondary	workload	and	fatigue	
measures	were	also	taken	in	these	studies	and	there	is	some	evidence	that	the	auditory	
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icons	are	also	less	frustrating	and	impede	performance	less	than	the	current	alarm	signals.	
Here,	we	may	be	tapping	into	‘alarm	fatigue’.	This	is	important,	because	though	the	concept	
of	alarm	fatigue	is	generally	accepted,	and	there	certainly	is	a	clinical	alarm	problem,	the	
details	of	its	manifestation	and	dimensions	are	somewhat	sketchy	(Deb	&	Claudio,	2015;	
Kristensen	et	al,	2016;	Rayo	&	Moffat-Bruce,	2015).			
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Figure	3:	Mean	percentage	correct	identification	and	mean	reaction	times	to	the	new	alarm	
signals	(‘Icons’)	or	the	current	IEC	alarm	signals	(‘IEC’)	(from	McNeer	et	al,	2017a).	x	axis	=	
percent	correct,	y	axis	=	IEC	audible	alarms	(‘IEC’)	or	auditory	icons	(‘ICONS’).	‘Patient	1’	and	
‘Patient	2’	refer	to	the	two	simulated	patients	being	monitored	by	participants.	A	shows	
percent	correct	and	B	shows	reaction	time.		
	
The	final	phase	of	the	formative	testing	in	simulation	was	to	test	three	versions	of	
each	auditory	icon.	Three	different	auditory	icons	were	generated	for	each	function	(we	also	
added	two	further	functions,	‘brain	activity’	and	‘monitor	error’	see	comments	about	the	
categories	later)	and	tested	each	of	them	in	the	simulation	paradigm.	We	derived	a	‘dream’	
and	a	‘nightmare’	set	dependent	on	performance.	The	compound	results	for	both	reaction	
time	and	accuracy	in	identification	is	shown	in	Figure	4,	which	has	undergone	a	
transformation	so	that	for	both	measures,	higher	scores	are	better.	Here	we	see	that	the	
‘dream’	team	outperforms	the	‘nightmare’	team	(statistically	significantly)	and	that	lower	
reaction	times	are	associated	with	more	accurate	recognition.	Thus,	some	auditory	icons	
simply	work	better	than	others.		
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Figure	4:	Binary	response	(a	transformed	composite	of	reaction	time	and	accuracy)	for	
‘dream’	and	‘nightmare’	alarm	sets.	x	axis	=	accuracy/time	index	relative	to	best	performing	
sound	for	RT	(Temperature);	y	axis	=	10	alarm	sound	categories	
	
Other	studies	currently	being	carried	out	as	part	of	the	formative	(and	more	recently	
summative)	testing	include	the	audibility	of	the	alarm	signals	in	realistic	listening	conditions;	
findings	thus	far	indicate	that	the	sounds	work	well	in	relatively	low	signal-to-noise	ratios	(a	
finding	being	demonstrated	for	alarm	signals	more	generally	in	other	studies	(Schlesinger	et	
al,	2014;	Stevenson	et	al,	2013)	and	that	the	presence	of	the	pointer	enhances	audibility.	
The	pointer	in	particular	was	found	to	be	audible	in	noise	that	was	four	times	louder.		
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Reflection	3	
Because	the	alarm	signals	are	intended	for	the	update	of	the	standard	and	therefore	
access	to	them	will	be	of	commercial	advantage,	the	final	sounds	will	be	released	to	medical	
instrumentation	companies	via	a	website,	through	AAMI	(the	final	details	of	this	process	are	
yet	to	be	decided).	Several	companies	are	keen	to	do	their	own	testing	on	the	sounds	once	
they	are	released.	Another	aspect	of	updating	the	standard	is	to	update	and	enhance	the	
guidance	given	to	stakeholders,	particularly	sound	designers,	human	factors	engineers	
working	with	clinical	device	safety,	medical	instrument	companies	and	test	houses,	among	
others.		
	
3.3. Summative	testing	and	other	work	
The	summative	testing	will	follow	the	broad	protocols	of	the	formative	testing,	with	
additional	researchers	testing	the	sounds	in	a	range	of	clinical	environments	using	protocols	
yet	to	be	developed,	as	well	as	accepted	and	published	protocols	(Schlesinger	et	al,	2014;	
Stevenson	et	al,	2013).	There	is	also	other,	related	work	being	conducted.	Dr	Bolton	is	
currently	leading	an	AHRQ-funded	project	grant	looking	at	the	issue	of	masking	of	auditory	
alarm	signals	with	specific	reference	to	IEC	60601-1-8	(Hasanain	et	al,	2017).	This	research	
will	fill	a	large	gap	in	terms	of	understanding	where	and	when	auditory	masking	will	occur,	
which	is	somewhat	beyond	the	scope	of	the	immediate	project	described	but	is	very	
important	in	general	terms	in	understanding	audible	alarms	from	a	human	factors	
perspective.	This	model	checking	approach	uses	formal	methods,	which	are	computing	
methods	used	for	the	specification,	verification,	and	modelling	of	systems.	It	works	as	
formal	verification	by	working	through	all	possible	configurations	of	a	system	to	check	the	
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propositions	of	the	system.	If	the	properties	hold,	the	model	can	confirm	this,	and	if	it	
doesn’t	hold	(i.e.	it	throws	up	a	counterexample)	then	the	specific	set	of	values	which	gives	
rise	to	the	counterexample	can	be	checked.	Thus	it	is	an	efficient	way	of	assessing	a	system	
which	could	otherwise	not	be	achieved.	It	has	often	been	used	to	assess	automated	systems	
in	human	factors	but	not	for	auditory	masking	specifically.	The	model	uses	several	sub-
models	including	a	clock	submodel,	an	alarms	submodel,	and	a	masking	computation	
submodel.	Using	actual	audible	alarms	as	input,	the	model	can	predict	whether	alarms	will	
mask	one	another	or	not	under	specific	conditions	(for	example,	the	onset	of	the	timing	of	
one	alarm	relative	to	one	or	more	others).	The	model	is	still	in	the	process	of	refinement	
and	testing	with	human	participants.	Naturally	this	project	is	aware	of	both	the	current	
alarm	signals	and	the	projected	new	alarm	signals,	which	will	help	ensure	its	validity	as	a	
practical	instrument	and	also	pushes	the	functionality	of	the	software	to	more	complex	
masking	tasks.	We	are	also	carrying	out	more	theoretical	studies	on	the	contributions	of	
strength	of	metaphorical	link	and	auditory	diversity	in	sound	set	learning,	as	these	two	
dimensions	are	thought	to	be	large	contributors	to	the	effectiveness	of	any	set	of	alarm	
signals.		
	
Reflection	4	
The	work	is	on	track	to	be	completed	to	the	satisfaction	of	the	IEC	alarm	system	joint	
working	group	well	before	the	updated	standard	is	published	in	2019.	By	this	time,	there	will	
be	several	published	papers	documenting	the	performance	of	the	alarm	signals	from	basic	
testing	to	their	performance	in	simulated	environments,	their	performance	in	noise	and	in	
other,	increasingly	realistic,	tasks.	Of	course,	the	project	will	not	have	reached	a	satisfactory	
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conclusion	until	the	alarm	signals	and	the	relevant	advice	is	embodied	within	the	standard	
and	there	is	still	a	way	to	go	and	other	possible	unknown	threats	along	the	way.		
	
We	anticipate	that	our	work	will	improve	patient	safety	and	clinical	work	
performance,	as	well	as	contributing	to	the	science	of	alarm	design	and	implementation.		
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